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Introduction 

A  new  development  in  NDI  (nondestructive  inspection)  electromagnetic,  eddy  current  technology  enables 
users  to  inspect  conductive  materials  under  thick  layers  of  composite  and  find  subsurface  flaws  in  thick 
aluminum,  titanium  and  steel  structure.  The  method  is  called  Remote  Field  Eddy  Current  (RFEC).  A 
group  of  Scientists  refined  this  technology  after  years  of  working  with  Flat  Geometry  Remote  Field  Eddy 
Current  (FG_RFEC)  technique,  as  well  as  in  finite  element  modeling  of  electromagnetic  NDI  phenomena 
[1-  4].  A  new  eddy  current  instrument,  Super-Sensitive-Eddy-Current  (SSEC)  system  with  extremely  high 
gain,  100  dB  -  140  dB,  has  also  been  developed  to  deal  with  the  low  level  signals  obtained  from  the 
FG_RFEC  technique  after  deep  penetration. 

Conventional  eddy  current  techniques,  ECT,  are  capable  of  detecting  only  surface  and  subsurface  flaws 
due  to  restriction  of  the  skin-depth  equation.  FG_RFEC  technique  with  the  SSEC  system  allows 
measurement  of  signals  that  have  penetrated  through  the  whole  wall  thickness.  Skin-depth  is  no  longer  the 
limit  in  flaw  detection.  Meantime,  the  technique  also  has  high  sensitivity  to  surface  and  subsurface  flaws 
due  to  the  high  gain  of  the  SSEC  system. 

In  recent  years,  a  number  of  possible  applications  of  the  FG_RFEC  technique  have  been  found  in  aircraft 
and  aerospace  industries  [5-13]. 

As  the  aircraft  industry  is  driven  to  reduce  structural  weight,  increase  corrosion  resistance,  and  cost 
savings,  more  aircraft  designs  are  utilizing  composite  materials  attached  to  a  metallic  substrate  of 
aluminum  and  titanium.  This  design  retains  the  strength  and  durability  characteristics  of  traditional 
metals,  while  reducing  weight  and  increasing  corrosion  resistance.  As  these  new  materials  are  developed 
for  use  on  new  aircraft  platforms,  so  must  the  NDI  technology  be  developed  to  inspect  them.  NDI  is 
necessary  in  the  development,  article  testing  and  the  operational  phases  of  the  aircraft  structure.  New 
commercial  aircraft  platforms  such  as  the  Airbus  A3 80,  Boeing  787,  are  incorporating  similar  structure  in 
their  designs.  Existing  military  platforms  also  incorporate  the  composite/metallic  structure  and  future 
platforms  will  most  likely  use  this  type  of  structure.  In  some  cases  older  commercial  designs 
incorporated  nonmetallic  barriers  in  fuel  cells  and  other  wet  areas  of  the  aircraft,  to  reduce  corrosion  and 
seal  fuel  cells.  Some  of  these  areas  may  now,  for  the  first  time,  be  assessed  during  operational  phases 
utilizing  the  RFEC  technology. 

The  paper  presents  some  examples  of  remote  field  eddy  current  capabilities  covering  six  new  aircraft 
applications:  1)  Detection  of  aluminum  layer  cracks  through  one  and  half  inch  of  polycarbonate;  2) 
Detection  of  aluminum  layer  cracks  through  thick  graphite  epoxy  composite;  3)  Detection  of  titanium 
layer  cracks  through  thick  graphite  epoxy  composite;  4)  Detection  of  cracks  in  a  titanium  layer  through  a 
thick  graphite  epoxy  composite  and  suppression  of  sealant  groove  signals;  5)  Detection  of  cracks  0.50” 
below  a  aluminum  top  layer  structure  surface;  6)  Detection  of  fine  surface  and  subsurface  cracking  on 
curved  steel  surface  in  a  Airbus  A-320  landing  gear  structure. 

The  next  step  is  to  assess  existing  or  new  inspections  to  find  the  right  fit  and  application  of  this  advanced 
technology  that  is  now  available  to  our  industry. 
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FG_RFEC  probes  &  SSEC  system 


There  are  two  kinds  of  FG_RFEC  probes  often  used  for  crack  and  corrosion  detection:  sliding  probes  and 
rotational  probes.  Sliding  probes  are  simple  and  easy  in  use,  while  a  rotational  probe,  which  is  rotating 
around  a  fastener,  provides  higher  sensitivity  to  cracks  under  fasteners,  because  minimum  signal  from  the 
fastener  appears  in  detected  crack  signals.  Figure  1  shows  typical  FG_RFEC  probes  to  be  used  in  this 
paper. 
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Figure  1:  Typical  FG_RFEC  probes  to  be  used  in  this  paper 

SSEC  system  is  a  modified  version  of  a  conventional  eddy  current  (EC)  instrument.  It  characterized  by 
the  features  below: 

1.  High  gain:  up  to  100  -  140  dB,  and  low  S/N  (signal  to  noise)  ratio; 

2.  Computerization:  it  utilizes  a  PC  as  its  base; 

3.  Compatibility  with  conventional  EC  probes.  In  other  word,  it  works  with  any  conventional  EC 
probe.  Conversion  to  conventional  probe  operation  is  achieved  by  changing  the  probe  connector. 

A  photo  of  such  a  system  working  with  a  laptop  PC  is  shown  in  Figure  2.  The  system  consists  of  a 
12”x8.75”xl.75”  hardware  box  and  installed  software.  The  PC  can  be  of  customer  selection:  a  desk-top 
or  a  lap-top. 
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Figure  2:  SSEC  RF02  system  with  a  laptop  PC  (left)  and  the  System  Screen  (right). 

Application  No.  1:  Detection  of  aluminum  layer  cracks  through  one  and  half  inch  of  polycarbonate. 

Specimens: 

Three  7”xl3”  polycarbonate  pieces  of  different  thicknesses  are  used  in  this  test.  A  9.0”xl.25”x0.20” 
aluminum  strip  is  attached  to  the  bottom  center  area  of  each  of  the  polycarbonate  pieces  using  six 
titanium  fasteners,  1.0”  apart,  as  shown  in  Figure  3  A.  Two  though  thickness  EDM  notches  are  made 
between  fasteners  No. 2  &  No.  3,  No.  4  &  No.  5  on  each  of  the  aluminum  strips. 

The  numbering  and  the  thicknesses  of  the  three  polycarbonate  specimens  are  listed  below: 

567-007:  0.567”;  0.484-007:  0.483”  and  0.442-007:  0.442”. 

Sliding  probe  RF4  V.3A  scanning  over  different  thicknesses  of  polycarbonate  layers 
At  first  an  RF4  V.3A  probe  is  placed  on  top  of  each  specimen  and  scanning  above  the  aluminum  strip  as 
shown  in  Figure  4.  The  thicknesses  of  the  polycarbonate  layers  are  0.442”,  0.483”  and  0.567”, 
respectively.  To  experimentally  test  the  limits  of  the  technology,  we  tried  the  inspection  through  two 
layers,  Figure  3  B.  This  results  in  three  more  data  for  thicknesses  of  0.925”  (0.442”  +  0.483”),  1.009” 
(0.442”  +  0.567”)  and  1.050”  (0.483”  +  0.567”).  A  signal  magnitude  -  polycarbonate  thickness  related  is 
shown  in  Figure  5. 

We  also  tried  scanning  the  probe  over  all  the  three  layers,  Figure  3  C.  The  total  thickness  is  1.492” 
(0.442”  +  0.483”  +  0.567”).  The  EDM  signal  is  still  clear  as  shown  in  Figure  6. 
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483-007  (top,  up-set-down) 


Figure  3:  Specimens:  A  -  single  layer;  B  -  Double  layers;  C  -  three  layers. 
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Figure  4:  A  RF4  V.3A  is  scanning  along  the  center-line  of  a  polycarbonate  layer(s)  directly  above  the 

aluminum  strip 
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Figure  5:  Signal  magnitude  -  Polycarbonate  thickness  relation  at  f  =  2.0  kHz 


Imaginary  vs  Sampling  Points 


Figure  6:  EDM  signals  obtained  when  scanning  over  all  three  layers  with  a  total  thickness  of  1.492”  at  f  = 

200  Hz. 
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Application  No.  2:  Detection  of  aluminum  layer  cracks  through  thick  graphite  epoxy  composite 
Specimens: 

Four  7”xl3”  graphite  epoxy  composite  pieces  of  two  thicknesses,  0.520”  and  0.896”,  are  used  in  this  test. 
A  9.0”x  1.25”x0.20”  aluminum  strip  is  attached  to  the  bottom  center  area  of  each  of  the  composite  pieces 
using  eight  titanium  fasteners,  one  inch  apart,  as  shown  in  Figure  7  A.  A  number  of  though  thickness 
EDM  (electro-discharge  machined)  notches  of  different  lengths  and  with  horizontal  and  vertical 
orientations  are  made  on  each  of  the  aluminum  strips  as  shown  on  Figure  7. 


Probe  RF4  V.3A  scanning  over  the  four  specimens 

The  four  specimens  were  scanned  using  Probe  RF4  V.3A.  The  test  results  are  shown  in  Figure  8.  Typical 
data  compared  with  noise  level  are  listed  in  Table  1. 

Note:  In  the  detection  of  deep  flaws,  signal  magnitude  and  S/N  ratio,  may  not  make  sense  in  identification 
of  a  crack.  Phase  angle,  or  signal  orientation  in  impedance  plane,  some  times  plays  a  major  role.  We  have 
seen  in  Figure  8  that  signals  from  horizontal  notches  tend  to  be  oriented  in  the  first  quadrant,  while  signal 
from  vertical  notches  take  directions  around  180°. 
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Figure  7:  Two  drawings  showing  four  specimens  with  thick  graphite  epoxy  composite  layer 
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Test  Results  (1>  -  433A-001 


Crack  Signals  -  Processed 


Impedance  Plane.  Y  =  f  fX) 

I  Scan  direction 

Probe  . . pr^ 

^  I'i  ii  i  i-i 

EDH1.T  'EDW1.2  EDM  34  EDM  6-7 

Aluminum  plate 


Impedance  Plane 


Test  Results  (2)  -  754A-001 
Crack  Signals  -  Processed 


Impedance  Plane,  Y  =  f  fX) 


_  E 

Probe 

a  !  1 

Scan  dire- 

mem 

0,B96’; 

Composite  ]' 

LjJ 

JLXJLXXJ 

U 

EDM  1.1 

■  EDM  1.2 

EDM  34 

EDM  6-7 

Aluminum  plate 


Impedance  Plane 
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Figure  8:  Impedance  Planes  obtained  from  scanning  the  four  composite  specimens 
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Table  1:  Typical  Data  Taken  from  the  Curves  in  Figure  8 


Specimen  # 
EDM  descnptT0ir^-^____^ 

483A(0.52”) 

754A(0.896”) 

483B(0.52”) 

754B(0.896”) 

Horizontal 

0.750” 

EDM 

Real  [v] 

1.76 

0.275 

Noise  [v] 

0.46 

O.lOO 

Imaginary  [v] 

3.43 

0.410 

Noise  [v] 

0.79 

0.110 

Horizontal 

0.500” 

EDM 

Real  [v] 

1.10 

0.180 

Noise  [v] 

0  46 

O.lOO 

Imaginary  [v] 

1.39 

0.180 

Noise  [v] 

0.79 

0.110 

Horizontal 
0.375  EDM 

Real  [v] 

0.140 

0.079 

Noise  [v] 

0.038 

0  036 

Imaginary  [  v] 

0.138 

0.068 

Noise  [v] 

0.045 

0.023  8 

Horizontal 

0.250” 

EDM 

Real  [v] 

0.0638 

0.055 

Noise  [v] 

0.045 

0  036 

Imaginary  [v] 

0.0914 

0.0346 

Noise  [v] 

0.038 

0.023  8 

Vertical 

0.375” 

Real  [v] 

0.035 

0.058 

Noise  [v] 

0.038 

0.0238 

Vertical 

0.250” 

Real  [v] 

0.038 

0  060 

Noise  [v] 

0.038 

0.023  8 

Application  No.  3:  Detection  of  titanium  layer  cracks  through  thick  graphite  epoxy  composite 
Specimens1: 

Three,  0.25”  thick  titanium  plates  (see  Figure  9)  with  fatigue  cracks  of  different  lengths,  0.250”,  0.500” 
and  0.750”,  respectively,  combined  with  three  graphite  epoxy  composite  plate  of  different  thickness, 
0.250”,  0.333”  and  0.500”,  result  in  a  matrix  of  nine  specimens  as  shown  in  Table  2.  A  5/16”  titanium 
fastener  is  used  to  tie  a  composite  layer  and  a  titanium  plate  together. 

Rotational  probe  RF4  ROT  scanning  around  the  fastener  of  each  specimen 

All  cracks  in  the  nine  specimens  are  detected  with  significantly  high  S/N  ratio.  A  typical  crack  signal  in 
the  impedance  plane,  provided  detection  at  the  smallest  crack  length,  0.25”,  and  the  largest  composite 
thickness,  0.500”,  is  shown  in  Figure  10  A. 

Summaries  of  the  test  results  are  in  Table  1,  in  a  text  format,  and  in  Figure  10  B,  using  curves. 


1  Specimens  are  provided  by  US  Air  Force  Research  Laboratory. 
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Figure  9:  Typical  configuration  of  a  test  specimen 


Table  2 

Summary  of  Test  Results  (1) 


Composite 

#  2 

#  3 

#  4 

r^^Cample  # 
Titanium 

Thickness  = 

Thickness  = 

Thickness  = 

Sample  # 

0 .250” 

0.334" 

0.500" 

#  1 

Crack  Length  = 

Magn.  =  0.1  38  v 

Magn.  =  0.074  v 

Magn.  =  0.050  v 

0.25" 

Ph.  =  55.2° 

Ph.  =  57.0° 

Ph.  =  61.5° 

#  2 

Magn.  =  0.242  v 

Magn.  =  0.1  22  v 

Magn.  =  0.036  v 

Crack  Length  = 

0.50" 

Ph  =  G3  4° 

Ph  =  5q  1° 

Ph  =  R3  7° 

#  3 

Crack  Length  = 

Magn.  =  0.281  v 

Magn.  =  0.1  39  v 

Magn.  =  0.043  v 

0.75" 

Ph.  = 55.8° 

Ph.  = 52.1 D 

Ph.  = GO.  5° 

frpofcnce  Rant 


Scfc  -0jQ2  -00!  O'  C01  ttE  D.03 


0.05i 

A 


Realty 


Summary  of  Test  Results  (2| 


Figure  10:  Impedance  plane  at  0.25”  crack  &  0.50”  thick  composite  (A)  &  Summary  of  test  results  on 
detecting  titanium  layer  cracks  through  graphic  epoxy  components  (B) 
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Application  No.  4:  Detection  of  cracks  on  titanium  layer  through  thick  graphite  epoxy  composite 
and  suppression  of  sealant  groove  signals 

Specimens2: 

A  0.500”  long  fatigue  crack  is  generated  from  the  center  hole  of  a  piece  of  0.25”  thick  titanium  plate.  Two 
sealant  grooves  of  different  orientations  are  made  on  the  two  sides  of  the  plate,  one  side  each,  Figure  1 1 . 

Rotational  probe  RF4  ROT  scanning  around  the  fastener  of  each  side  of  the  specimen 
Figure  12  shows  the  configuration  of  the  scan.  A  special  band-pass  filter  is  used  to  minimize  the  signals 
generated  by  the  sealant  groove.  Typical  signals  detected  from  the  two  scans  are  shown  in  Figure  13.  It  is 
clearly  seen  that  the  groove  signals  have  been  effectively  suppressed. 


\ 


A  G.5O”(W)x0.O5O’t(D)  vertical  sealant  Groove  on  the  other  side 

Figure  1 1 :  Titanium  plate  with  a  fatigue  crack  and  two  sealant  grooves,  one  side  each 


0.25”  Thick  Titanium  Specimen 
with  a  0.500”  long  fatigue  crack  at  fastener  hole 

Figure  12:  A  Rotational  probe  RF4  Rot  is  used  to  detect  the  0.500”  crack  in  the  titanium  plate.  A  band¬ 
pass  filter  is  used  to  suppress  the  signals  from  the  sealant  grooves 

2  Specimens  are  provided  by  US  Air  Force  Research  Laboratory. 
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Figure  13:  Groove  signals  have  been  effectively  suppressed  by  a  band-pass  filter.  The  two  left  plots  are 
impedance  planes.  The  upper  curve  in  each  of  the  two  right  plots  is  the  real  component  of  the  signal,  the 

lower  curve  is  the  imaginary  of  the  signal. 

Application  No.  5:  Detection  of  crack  0.50”  below  aluminum  structure  surface 

Specimen3: 

A  drawing  of  the  specimen  is  shown  in  Figure  14.  It  is  a  two  layer  aluminum  structure  with  a  0.200”  long 
EDM  notch  generated  from  a  fastener  hole  of  the  second  layer.  The  thickness  of  the  first  aluminum  layer 
is  0.500”. 

Rotational  probe  RF4  ROT  scanning  around  a  fastener  without  an  EDM  notch  and  another  fastener 
with  a  0.200”long  EDM  notch 

The  impedance  planes  obtained  from  the  two  scans  are  shown  in  Figure  15.  The  crack  signal  is 
distinguished  from  the  edge  effect  signal  primarily  by  it  shape  instead  of  signal  magnitude. 

Note:  In  the  detection  of  deep  flaws,  signal  magnitude  and  S/N  ratio,  may  not  make  sense  in  identification 
of  a  crack.  Phase  angle,  or  signal  orientation/shape  in  impedance  plane,  some  times  plays  a  major  role. 
Comparison  of  an  unknown  signal  with  a  known  cracked  or  no-crack  signal  may  be  a  good  way  to 
identify  a  crack.  We  have  seen  in  Figure  15  the  lower  portion  of  the  cracked  signal,  in  green,  has  a  similar 
shape  as  the  no-crack  signal.  The  upper  portion  of  the  cracked  signal,  in  white,  is  considerably  different 
from  the  no-crack  signal.  In  other  words,  in  the  crack  signal  there  is  a  significant  part  of  the  signal 
appearing  in  the  first  quadrant  of  the  impedance  plane  and  significant  positive  real  and  positive  imaginary 
appearing  in  the  X  &  Y  strip  charts. 


3  Specimen  is  simulating  Canadian  aircraft  CC130.  It  was  provided  by  Captain  D.J.  Butcher,  Canadian  Air  Force. 
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Detecting  Crack  in  Thick  Aluminum  Aircraft  Structure 


- 

- T - S 

0.500” 

|++t  0.200” 

■  — 

0.100” 

Figure  14:  A  specimen  simulating  2nd  layer  crack  in  CC130  structure 


Figure  15:  Detected  crack  signal,  right,  compared  with  no-crack  signal,  left 


Application  No.  6:  Detection  of  fine  surface  and  subsurface  cracking  on  curved  steel  surface  of 
Airbus  A-320  landing  gear  structure 

Specimen4: 

The  specimen  was  a  part  removed  from  a  retired  Airbus  A-320  landing  gear,  Figure  16.  The  surface  is  of 
complex  shape  where  it  is  difficult  to  apply  a  sliding  probe  for  crack  detection.  A  pencil  probe  is  the  one 
applicable  here,  but  the  detection  suffers  from  tremendous  noise  cause  by  hand  shaking  of  an  operator. 


4  Specimen  is  provided  by  Northwest  Airlines. 
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Figure  16:  Specimen  cut  from  Airbus  A-320  landing  gear  with  two  0.030”  (L)  x  0.030”  (D)  EDM  notches 

and  a  c|)0.080”  hidden  hole  on  its  curved  surface 


Sliding  probe  RF2  V.3  with  a  specially  designed  probe  holder ,  Figure  17  A  &  B,  used  in  scanning  the 
curved  surface 

The  relative  probe-holder  position  is  adjustable.  During  a  scan  first  to  keep  the  sensitivity  surface  of  the 
probe  having  a  good  a  contact  with  the  surface  under  inspection.  Then,  adjust  the  probe  holder  position  to 
have  at  least  one  or  two  tips  of  the  holder  contacting  the  surface  under  inspection  as  well.  After  that  the 
probe  can  be  moved  smoothly  along  the  surface  within  a  certain  distance,  see  Figure  17  C. 


The  detected  crack  signals  and  the  signal  from  the  hidden  hole  are  shown  in  Figure  18-20. 


Figure  17:  Probe  RF2  V.3  working  with  a  specially  designed  probe  holder  scanning  the  curved  surface  of 

the  A-320  landing  gear  specimen 
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Figure  18:  Signals  obtained  from  the  surface  cracks  and  hidden  holes 


Summary 

1.  Metallic  layer  cracks  underneath  thick  composite  layer  are  detectable  using  FG_RFEC  technique 
-  sliding  probes  or  rotational  probes; 

2.  A  groove  signal  can  be  effectively  suppressed  using  a  band-pass  filter; 

3.  FG_RFEC  technique  working  with  SSEC  system  is  capable  of  detecting  deeply  hidden  cracks 
and  fine  surface  and  subsurface  cracking  with  high  sensitivity. 

4.  The  next  step  is  to  assess  existing  or  new  inspections,  now  available  to  our  industry,  to  find  the 
right  fit  and  application  of  this  advanced  technology. 
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